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The first purpose of this study is to ex8mine the effect of reduction of particle size and change of 
structure on sulfurization behavior of semiconductor oxides such as Ti02, BaTi03 and SrTi03. This study 
was motivated mainly by the fact that there is [ittle information about the sulfurization behavior of oxides 
 using CS2･ Since the sulfurization of metal transition oxides has been commonly carried out in isothermal 
conditions for long time of exposition in a sulfurizing atmosphere and at elevated temperatures, metal 
 oxide nanoparticles are expected to be highly reactive to CS2･ The use oi this kind of oxides would be a 
great advantage, which is reducing the time and temperature of operation, with respect to the use of 
microparticles in processing sulfides at industrial level. As we!1, a comprehension of sulfurization behavior 
oi nanoparticles could aiso contribute to have a material physical!y and chemically homogeneous which 
could find many applications in different technological fieids. 
The second purpose of this study is to development the novel preparation method of partially 
sulfurized oxides from nanoparticles. The preparation of these nanometer-size materials couid give a 
better alternative io the actual methods oi preparation which employed sealed tubes and long time of 
reaction or processing that on[y could be used at an experimental level. This method could take an 
advantage of the highly reactivity of nanoparticles and CS2 to obtain a well-characterized materiai at !ower 
temperatures. In addition, the sulfurization degree of the material cculd be easily handled by variation of 
tempe~ature and time of sulfurization finding applications in several areas such as catalysis, sensors, 
diodes, photoelectrochemical cells and microbatteries. 
The third purpose is to apply the as-prepared partiaily sulfurized oxides to new photocatalyiic 
materials. These materials are expected to absorb the visible light efficiently and, as a consequence, 
enhance their photocata]ytic activity. To carry out these purpose, oxides with wide band gap as the 
perovskites group AB03 (A is Ba or Sr and B is Ti or Zr), some of them are not known as photocatalyst, 
are chosen, because the localization of the vaience band and conduction band of these oxides are 
favorab!e with respect to the potential of oxidation of water. Since partial sulfurization of oxides was 
carried out at temperatures be!ow the formation of metai sulfides, therefore, the photodissolution of these 
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partially sulfurized oxides was not considered to be a probiem. 
This paper is structured as follcws. Chapter i is the brief description of the actual tendency for 
the preparation of new materials for photocatalyst: the imposition of foreign band by using sulfur as 
 dopant in Ti02･ It is expected to have a narrcwing band gap oxide with a better optical response in the 
visible light regicn. Furthermore, transition metal oxides with certain degree of sulfurization have shown to 
be a commonly technique to increase their properties taking advantage of the properties of sulfides. in 
this chapter some techniques of preparation of partially sulfurized oxide and sulfides were exposed, as 
well as, the proposed method in this study that is the sulfurization of oxides with nanometric particle size 
using CS2 as sulfurizing reagent. 
In chapter 2, thermcdynamical considerations are given to choose CS2 but not H2S as 
suifurizing reagent. The resuits show that transition meta! oxides could be easiiy su[furized by using CS2 
at 927 'C. However, on the same conditions, the sulfurization did nct occur by using H2S. Aithough CS2 
has tendency to ieave carbon, it is only notorious at higher temperatures. In addition, CS2, which is a 
liquid at room temperature, is easily to handle and lesser hazard than H2S gas. On the other hand, the 
corrosion problems in different parts of conventional thermogravimetric equipments have been the main 
reason why there is nct information about of the sulfurization behavior of oxides. Since quartz spring-type 
thermobalance is littie reactive to the sulfur ccmpounds, the use of this apparatus is used in the 
thermcgravimetric studies and this is described in this chapter. 
Chapter 3 shows the effect of particle size on the sulfurization behavior of Ti02 powders. As weil, 
the thermal decomposition of TiS2 and partiaily sulfurized Ti02 powders was carried out in N2 atmosphere. 
The TG curve of STOI in argon atmosphere registered two steps which were ascribed tc the removal of 
absorbed water, and condensaticn of OH groups. On the other hand, the su[furization behavior of STO1 
using CS2 Was summarized as follow. At temperature lower than 420 'C occurred simultaneously the 
removai of water and the adsorption of CS2 on Ti02 surface, while the sulfurization of Ti02 bulk was 
developed between 420 'C and 640 'C. Above of 640 "C, the obtained TiS2 decomposed to give Til.08S2 
and Ti3S4 compounds. When STOI was dried at 110 'C in air, tne TG curve of dried STOi presented 
negligible weigh changes at temperature below 420 'C and the ending sulfurization temperature was 
found to be higher than STOi . it was clear that the sulfurization was not favorable after drying the sampie. 
On the other hand, Ti02 with larger particle size started to sulfurize at temperatures higher than 650 'C. 
Rutile was found to be littie reactive to CS2 in comparison with anatase. In order to examine the effect of 
OH groups in STO1, the sulfurization behavior of Ti(OH)4 was carried out on the same conditions. The 
sulfurization behavior of Ti(OH)4 was totally simiiar to STOi, as consequence, the sulfurization was 
favored by the presence of OH groups. Otherwise, the thermal behavior of TiS2 produced from 
nanoparticles was unstabie and decomposed at lower temperatures than those produced from 
microparticles. Moreover, the sulfur content on the samples increased with increasing the temperature of 
su!furization. 
In chapter 4, the reduction of particle size also is found to modify the sulfurization behavior of 
BaTi03 powders. Hence, the starting temperature of sulfurization and decomposition decreased with 
decreasing particie size, the rate of conversion oxide tc sulfide was siight higher in nanoparticies and the 
amount of sulfur loss was higher in nanoparticles than in large particles. The thermal behavior in argon 
atmosphere aiso showed two steps which were ascribed to the removal of adsorbed water and OH 
groups. A!though the difference found in BaTi03 powders was not evident as in t~e case of STO1, the 
- 50 -
lr~ 
~L_ 
}
 』
,
 、
・
 フ
一
圭
 コ
一
1
 )
一
 コ
」
1
f
-
 コ
一
S
 2
雌
S
』
:
.
)
f
e
S
n
η
ゴ
ゴ
わ
e
n
H
le
 』一
sulfurizationwouIdbealsofavoredbythepresenceofOHgroups.
 lndlapter5,thecharac童erizationandsulξurlzationbehav1oroずSrTlO3nanoparticlesarecarrled
 outonthesameconditionsasforTlO2andBaTiO3powders.lnaddition,tわee{fectoftheca!cinatio踊
 temperatureonthesulfurizationbehaviorwasanalyzediれ師schapter.脆wasseenthatthesulfuriza童ion
 ofSrTρ3れanoparticleswerefavoredby胎ereductionofparticlesizeespeciallyltreducedthestaf竜ing
temperatureofsulfurization.However,thepresenceofOHgroupsalsoplaysanimpor{antrdeinthe
reductioηofthestartingtemperatureofsulfurization,Anexcessofwaterincreasethestarting
 sulfurizationtempera生ure.Accordingtotheobtainedresults,inthischapterandtheprecedlngchap竜ers,
 thesulfuriza宜ionofoxidenanoparticlesseemedtoproceedaccordingtothenextsteps:(1〉removaio{
adsorbedwater,(2)adsorptionofCS2anddehydrationofOHgroups,(3)formationofintermediatephase,
 (4)formationofsulflde,and(5)decomposi孟ionofsuifide.
 C腕apter6showsthesynthesisofpartia"ysuifurizedoxideswhichissummarizedasfolbwas.
 4)preparationofoxidesbyusingasol-gelmethod;2)sulfurlzatioηinCS2a童mosphereattemperatures
 below500。Candata劉eatlngrateo{3。Cmin一1;3)purificationo{sulずurizedoxldesuslng毛olueneand4)
 removalofremainingorganiccompoundat100。Clnvacuum.1nprecedingchapters,partia踊ysulfurized
 oxldewasclearlyidentifiedinTGcurveofsulfurizatioηwhicわwasobservedasaweightincreaseat
 tempera亡urebelow走heformationofmetalsu旧des.ln竃hischapterremarkablecha範geswereobservedin
thecolorofthenanometricoxidesfromwhitetoblackordarkgreenwhichwerenotobservedln
micrometricox1desatthesametemperaturesofsulfurization.XRDpattemstakenafterthesulfurlzation
 didno竜showanypわasetransformation,i.e,thecubicstructurewerekeptevenatsuifurization
 temperaturesof500C.Ontheotherめand,theXPSanalysesofthesamplesconfirmed重hepresenceof
 intermediatestatesbetweensulfurandsuIfidesuchasTiO2.xSx,BaTiO3.xSx,SrTiO3xSx,ZrO2、xSx,and
 BaZrO3.xSx.Metalsulfideswereonlyfoundattemperaturesabove500。C.Thecontentofadsorbedsulfur
lncreasedprogressivelywithincreasingthesuifurizationtemperaturehoweveritincreasedabruptlyat
 500。Ccausedbytheforma童bnofme童alsulfides.
 Chapter7showstheopticairesponseofpartialsuiずurlzationincomparisonwithuntreated
 oxidesbyusingUV-visiblespectrophotom醸er.Tれereac{ionofoxida生ionofe胎anohsusedtoevaiuatethe
 photoactivityofpa由allysulfurizedoxides.Partiallysu酵urlzedoxidesimprovedthephotocatalyticactlvity
 withrespecUountreatedoxides.Thesepartiallysulfurlzedoxidesshowedahigherabsorptめno{visible
 Iightandashif[oftheln面albandgapoftheu賊reatedoxidestobwerenergies、lnaccordancewith
 these,thephotoactivityincreasedwithincreasingセheamountofadsorbedsulfur、Amaximum
 photoactMtywasreachedat400。Ca口dadditionaltemperaturesofsuIfurizationproducedadecreasein
 thephotoactivitywhichwasascribedprobablytotわedissolutめnofmetalsulfidesorlncreaseofcarriersof
 recombinationcenters,Par走ialiysulfurizedBaZrO3showedahigわerphotoactivitythanothertreated
 oxidesinclusivelyhigherthanTlO2(STO1)whichwasascribedtothe葦ormationofabandgapbwerセhan
 3.OeVfavoringtheabsorptionofvisib!e踊ght.Itistobenotedthatthepa由a豚ysulfurizedBaTlO3and
BaZrO3exhlbitedremarkablyhighphotoactivityinspiteoflittleactMtyoforigi“aloxides.
 Chapter8summarizes重hemainconclusionsobtainedinpresents重udy.TわesuIfurization
 behaviorofmetaltransi童ionoxides,TiO2,SrTiO3andBaTiO3wascarriedoutbyusingaquartz一亀ype
thermobalanceinCS2atmosphere.Aswastobeexpected,nanometricoxideshaddifferentsui{urization
 be瞬aviorscomparedwithmicrometricones.Thesedifferenceswereascribedmainlytotheparticlesize,
 thecontentofadsorbedwaterand亡hedefectspresenセintheoxidessuchasOHgroups.Aconsiderable
 一51一
7 reductiono{翫estartingtemperatureofsulfurizationaswe髄astheendingsulfurizationtemperaturewas
 observedwhen童hepartidesizedecreased.lnIesserextent,t輪econtentofadsorbedwateronoxidesalso
 producedcわangesinthebehavioroftheoxides,e.g.anexcessof愉emproducedaslowsulfurizationof
 漁esurfacesince漁emoleculesofadsorbedwaterardocatedonthesamesiteswhereCS2molecules
 areabsorbed.Duringthecaicination,童heremova!ofadsorbedwaterandOHgroupsdelayedthestarting
 sulfurizatめntemperatureofbulkoxidesthere縮orethecGntenとoft揃sdefec士favoredthesu椥rizatめnvia
 theformationofintermediatescompoundsbyreactionbetweenCS2andOHgroupsand/or愉e
 generationofvacanciesduringheatingwhichgiveahighiyreactivesurfacetoCS2、The穎g回yreactlve
 surfacefavoredtわesulfurizationatiowtemperaturesbelow出estartingtemperatureofformationofmetaI
sulfides.Aswasobserved,partiallysu!furizedoxidessuchasTiO2.xSx,BaTiO3.xSx,SrTiO3.xSx,ZrO2.xSx,
 BaZrO3.xSxandSrZrO3.xSxwereformedattemperaturebebw500。Cwithoutformationofmetaisulfides
 andkeeping漁einitialstructureoftheoxide.Tれus,thepartiaIreplacementofsulfurbyoxygenwasthe
 reasonwhytheopticairesponsesin漁evisibtelightregionandphotocataiyticactMtyo{photooxidation
 increasedatt斡esesulfurizationtemperatures.
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 論文審査結果の要旨
 究極のエネルギー資源である太陽エネルギーの有効利用のためには、可視光領域に吸収をも
 ち、高い活性を有する光触媒の創出が不可欠である。チタニア触媒はその高い活性で注目されて
 いるが、太陽光の3%程度しかない紫外光のみ利用できないため、水の光分解による水素生成用
 触媒としては実用化されていない。一方、チタニアにイオウをドープすることによって可視光も吸収
 できることが知られているが、ドープしたイオウは不安定であり触媒として使用することはできなかっ
 た。本研究ではまずチタニアの硫化挙動を詳細に解析し、部分硫化の最適条件を得ることにより、
 極めて安定なイオウドープチタニア触媒を調製すること、さらにはBaTiO3,SrTiO3,ZrO2,B8ZrO3等
 の酸化物についても同様の手法を適用し、全く新しい光触媒を創出することを目的とし検討したも
 のである。
 本論文は8章からなる。
 第1章は緒論で、チタニア、チタン酸バリウム、チタン酸ストロンチウム、ジルコニア等のナノ粒子
 合成についてこれまでの研究を概括し、その硫化挙動に関する平衡論的な考察を加え、本研究の
 目的である、遷移金属酸化物の部分硫化法の確立と、光触媒への応用について述べている。
 第2章はチタニアナノ粒子の二硫化炭素(CS2)による硫化挙動の解明について述べている。そ
 の結果、ルチルよりもアナタース型の方が硫化が容易であることなどを示している。
 第3章は二硫化炭素(CS2)により硫化したチタニアナノ粒子の分解挙動について述べ、チタニア
 の硫化から分解までのすべてのスキームを明らかにしている。
 第4章はチタン酸バリウムナノ粒子め二硫化炭素(CS2)による硫化挙動の解明について述べて
 いる。チタニアと同様にサイズの小さな粒子の方が硫化されやすいことなどを示している。
 第5章はチタン酸ストロンチウムナノ粒子の二硫化炭素(CS2)による硫化挙動の解明について述
 べている。チタン酸バリウムと同様サイズの小さな粒子の方が硫化されやすいことなどを示してい
 る。
 第6章は第1～5章の知見に基づき、チタニア、チタン酸バリウム、チタン酸ストロンチウムの各ナ
 ノ粒とジルコニアやジルコン酸バリウム粒子部分硫化を実施し、そのキャラクタリゼーションを検討し
 ている。
 第7章は第6章で合成した部分硫化酸化物粒子の光触媒反応への応用について述べている。
 その結果、ジルコニアを除き、全ての酸化物粒子で部分硫化により、可視光吸収能が飛躍的に向
 上し、光触媒活性が高くなったこと、特にジルコン酸バリウムは部分硫化チタニアよりも高い光触媒
 活性を示し、新材料を創出したことを証明している。
 第8章は結論であり、酸化物の硫化挙動の解明と部分硫化法の確立についてまとめている。
 以上要するに本論文は、TiO2,B&丁沿3,SrTiO3,ZrO2,BβZrO3の硫化挙動を明らかにし、光触媒
 調製用最適部分硫化条件を確立し、全く新しい光触媒材料を創出したものであり、地球工学、材
 料工学と環境科学の発展に寄与するところが少なくない。
 よって、本論文は博士(学術)の学位論文として合格と認める。
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